The study is concerned with a suitable heating model for the prediction of the pre-explosion time of a single bio-oil droplet. Diffusion and distillation limit models of the internal droplet liquid transport are considered.. The diffusion limit model only allows diffusion, while the distillation limit model implies the existence of an infinitely fast transport rate, therefore it represents the fastest possible transport limit. It is most likely that after the droplet ignition, the water and the lighter fuel fractions evaporate and burns firstly at almost constant droplet temperature in accordance with the distillation limit model. The increase of the liquid viscosity leads to domination of the diffusion limit model. According to the diffusion limit model, shortly after initiation of gasification the droplet surface becomes more concentrated of high-boiling point components, so the droplet surface reaches very high temperature, while the droplet core has a higher concentration of low-boiling components, accumulating a substantial amount of heat at temperatures near the superheat limit.
Introduction
Bio-oil a liquid fuel produced by the pyrolysis of biomass. It is potential alternative liquid fuel source for both power generation and transport. In general, bio-oils are combustible, but not flammable due to the high content of moisture and non-volatile components that require high energy for ignition. Bio-oils are multi-component mixtures comprised of different size molecules derived primarily from depolymerisation and fragmentation reactions of three key biomass building blocks: cellulose, hemicellulose, and lignin. Moisture content of biooil varies over a wide range (15-35%) depending on the feedstock and process conditions [1] . The presence of moisture can promote the onset of micro-explosions in the bio-oil droplets [2] . These micro-explosions can have an important impact on the combustion behaviour of bio-oils. Wornat et al. [3] observed a multistep process: ignition, quiescent burning emitting blue radiation, droplet microexplosion, disruptive sooty burning of droplet fragments emitting bright yellow radiation, formation and burnout of cenosphere particles.
A recent scale analysis [4] employed a radiant heating of a water bubble -combustible membrane model. However, a further development of this model requires more specific details of droplet combustion behaviour to be revealed.
Classical models
Consider a fuel droplet that contains two components of different volatility. With the contact between atomised droplets and hot air, heat is transferred to the droplet by convection from the air and by radiation from the feedback of the flame, and converted to latent heat during liquid evaporation. The vapours are transported into the air by convection through the boundary layer that surrounds each droplet. The initially uniformly mixed liquid components separate into a core with expanding radius and growing pressure, and a membrane (shell).
The less volatile component covers the surface because of the finite diffusion velocity of the liquid [5] . Core liquid enters a metastable state in which the temperature rises above the usual boiling temperature and an instantaneous transition of the liquid into a vapour phase via the formation of miniscule bubbles occurs [6] .
Hallet et al. [7] reported that initially the temperature of a multi-component droplet remains practically constant because the mixture is thermally dominated by evaporation of water and other volatile components (i.e. alcohols and acid groups). Then, the droplet temperature increases sharply and the pyrolysis of the residual factions begins. At the end of the transient heating period, the droplet begins to vibrate with intensity decreasing in time, evidently hindered by viscosity, until it degenerates via a micro-explosion. Hallet et al. [7] expected that the internal boiling could be accompanied by superheating of the liquid, although this was not experimentally verified.
According to the classical model of Law [8, 9] the energy conservation equation at the droplet surface is , followed by vigorous gasification with almost no further droplet heating ( L H ≈ ), and nearly constant droplet surface temperature.
The transient equation [10, 11] for droplet heating in the absence of any internal motions of the liquid is
where α l (m 2 /s) is the thermal diffusivity of the core liquid and t (s) is time. Equation (2) is a subject to ( ) ( )
The effective latent heat of gasification also equate to
where Y is the mass fraction, σ is the mass stoichiometric coefficient, Q (J/kg) heat of combustion per unit mass of fuel reacted, C p (J/kg×K) is the constant pressure heat capacity, subscripts F, O, g and f mean fuel, oxygen, gas and flame, respectively. A simplification [11] with assumptions that the droplet temperature is spatially uniform but temporally varying yields
where
thus, Equation (4) becomes
is given by Equation (3), R s (m) is the integral radius of the droplet. The subscript s indicates that the equations are valid at the droplet surface, since the model assumes droplet spatial temperature homogeneity. Equation (6) provides an explicit relation between the droplet size and its temperature.
Equations (2), (4) represent two extreme rates of liquidphase transport. Equation (2) only allows diffusion, which is always present, and is therefore the slowest limit, referred as the diffusion limit [12] . Alternatively Equation (4) implies the existence of an infinitely fast transport rate such that the special variations are always uniformised, so it represents the fastest possible limit and is referred as the distillation limit.
According to the diffusion limit model, shortly after initiation of gasification the droplet surface becomes more concentrated of high-boiling point components, so the droplet surface reaches very high temperature, while the droplet core has a higher concentration of low-boiling components, accumulating a substantial amount of heat. Initiation of homogeneous nucleation with extremely rapid rate of gasification nucleation will initiate at a location r where the temperature ( ) t r T , exceeds the local concentration-weighted limit of superheat,
It is most likely that after the droplet ignition, the water and the lighter fuel fractions evaporate and burns firstly at almost constant droplet temperature [7] , which corresponds to the distillation limit model. With increasing in liquid viscosity, the droplet combustion shifts and it might be assumed that the diffusion limit model dominates.
Another important experimental observation is that the droplet disruption occurs at temperatures below the superheat limit of the core liquid [8, 9] . Solids suspended in the liquid core can act as heterogeneous nucleation sites. The presence of solid particulates of different size and shape and vacuoles of immiscible moisture in unfiltered and unpurified bio-oil can be seen in Figure 1 . Large particulates can be filtered, however, the solid residues found in filtered bio-oils tend to form large-scale post-filtration agglomerates. Fig. 1 . On the left: Typical visual appearance of a sample of unfiltered and unpurified slow pyrolysis bio-oil produced from blue gum (Eucalyptus globulus) wood, under 5× magnification. On the right: Solid agglomerate found in a filtered bio-oil sample under 10× magnification, after Stamatov et al [13] .
Radiation heating model
The diffusion limit model can account the flame radiation flux through a volumetric source term assuming a uniform internal absorption [14] . The continuity (7) and energy (8) [15] , where α r is droplet total spectral absorptivity. Here R d (m) is the droplet radius with no special uniformity of temperature assumed [14] , subscript d means droplet. Equation (9) is the Stefan boundary condition (SBC), where the second term of LHS represents the energy used for evaporation at the liquid/gas-phase interface.
Scale analysis
Lage et al. [14] have developed a model for dilating binary droplets, which resembles the bio-oil droplet swelling before the micro-explosion. In contrast to models developed for pure fuel droplets, the bio-oil physical data is scarce [16] , so an alternative approach such as a scale analysis will be performed.
Recognising a reduced temperature
where T c (K) is the temperature at the droplet center at the beginning of the heating process, droplet radius ( (8) and (9) (10), while H p from SBC defines the prefactor of the power-law relationship. The exponents (n, m, s and q) can be defined through scaling of experimental data.
Approximate solution and heating limits
The approximate solution [4, 19] of equations (10) for short preheating times is
The diffusion limit model is assumed because of high viscosities of bio-oils [10] and reduced internal liquid circulation ( 1 1 << Pe ). The solution neglects the second term of the LHS of Equation (8) . A qualitative analysis concerned with the dominating heat transfer mechanism in the droplet interior (conduction limit or radiation limit) was performed in [4] . The later implies a) Heat Conduction Dominating mechanism (HCD) with a surface absorption ( ( ) 0
) only; and (b) Heat Absorption Dominating mechanism (HAD) with a dominating volume source term. Following the analysis of [7, 15] , the HCD mechanism requires 1 << VA N that correspond to the Law's diffusion limit model (D 2 -law can be applied). The HAD mechanism with dominating volume source term imposes a condition . The HAD mechanism yields
where 
Scaling to the experimental data
Bio-oil density decreases linearly as the temperature increases. Equation 15 shows a linear function that fits the density data of a typical sample of slow-pyrolysis bio-oil for the temperature range of 296-326 K, after [20] ( )
There are equations that allow for the estimation of specific heat and thermal conductivity when experimental data are not available [21] . The equation for the heat conductivity is ( )
Equation (16) relates the weight fraction of water, X w , thermal conductivity of water, λ w (0.58 W/(m×K) [22] ), and the thermal conductivity of the non-volatile portion of the material, λ s , which in most of the cases is in the vicinity of 0.259 W/(m×K) [20] . The equation for the specific heat capacity [20] is
Equations (15) (16) (17) can be used to calculate consequently the thermal diffusivity of bio-oil (α l ), diffusion time (τ 0 ), and the Fourier number at the explosion onset ( Fig. 2 . Effect of the temperature of the combustion environment on Fo e , after Hallet et al. [7] .
Calculations with the data of Wornat et al. [3] for bio-oil droplets produced from pine and oak give Fo e of 13.2 and 3.4, respectively. Thus, in all the cases considered here, the experimental Fo e are greater than unity. This allows Equation (13) to be expressed at
since the exponential term is practically zero. This, in turns, allows estimating the effective value of the superheat limit of given oil (if α r is known).
Qualitative numerical experiments using FENLAB are underway for both models: the classical diffusion model (Equation 2) and that of Lage et al. [14] (Equations 7, 8 ).
Conclusions
Low thermal diffusivity values of bio-oil allow simplification of the solution of the equations that govern the diffusion limit model. This, in turns, allows estimating of the effective value of the bio-oils superheat limit and prediction of the droplets pre-explosion lifetime. Please click the refresh button on your browser to view the latest version of any page.
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